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DETERMINING DEVICE LOCATIONS USING
MOVEMENT, SIGNAL STRENGTH

RELATED APPLICATION

This application claims priority to U.S. Provisional Patent
Application Ser. No. 61/654,149, entitled “Precise Indoor
Positioning Using Probabilistic Models and Sensor Fusion”,
filed Jun. 1, 2012, which is incorporated herein by reference
in their entirety.

BACKGROUND

Determining the location of a mobile electronic device,
such as a smart phone, a tablet computing device or the like,
may be helpful for a variety of reasons. For instance, if a user
of'the device is using a navigation application, the application
may reference the current location of the device when deter-
mining directions to provide to the user to allow the user to
reach a desired location. However, in order to provide direc-
tions in an accurate and timely manner, the device may need
to determine its location at a very granular level of detail. In
another example, a device may need to determine its location
to determine recommendations to a user of the device, such as
recommendations for local restaurants, shops, and the like. As
such, many applications may utilize techniques for precisely
determining the location of mobile computing devices.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is described with reference to the
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The use of the same reference numbers
in different figures indicates similar or identical items.

FIG. 1 illustrates an example architecture that includes two
users who each carries a mobile computing device, such as a
mobile phone or the like, within a building. The building
includes multiple wireless access points (WAPs), which the
device may utilize to determine its current location. In addi-
tion to utilizing received signal strength indications (RSSIs)
from these WAPs, the client devices may utilize indications of
when the devices are moving and a direction in which they are
moving in order to precisely determine their current loca-
tions.

FIGS. 2A-2C illustrate an example process for precisely
locating a device as the device moves over time. As illus-
trated, the process may reference both a wireless signal
strength and indication(s) of when and how the device is
moving in order to determine these locations over time.

FIG. 3 illustrates an example scenario where a device
moves over time and its location is estimated based on wire-
less signal strengths and the movement of the device.

FIG. 4 illustrates one manner in which a current location of
a device may be estimated using probabilities based on cur-
rent and previously measured wireless signal strengths.

FIG. 5 illustrates an example process of calculating prob-
abilities that a device resides at different possible locations
based on RSSIs.

FIG. 6 illustrates an example process of estimating a loca-
tion of a device based on a first wireless signal strength
measured at the device, determining a second wireless signal
strength based on the device moving, and again estimating the
location of the device based on the first and second wireless
signal strengths.

DETAILED DESCRIPTION

This disclosure is directed, in part, to techniques for pre-
cisely determining a location of a mobile computing device
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based on both wireless signal strengths measured at the
mobile computing device and movement of the mobile com-
puting device. The wireless signal strengths may represent
the strength of a connection between the mobile computing
device and wireless access points (WAPs), cellular towers, or
the like. Furthermore, the techniques described herein may
utilize movement data provided by one or more components
of'the mobile computing device. For instance, the device may
include an accelerometer, a gyroscope, and/or any other type
of component configured to recognize when a device is mov-
ing, a direction that the device is moving, or the like. In one
example, the accelerometer reports when the device has
moved by a certain amount, while the gyroscope reports a
direction in which the device is moving. The techniques then
utilize this information in addition to the wireless signal
strengths to estimate locations of the device as the device
moves over time.

In some instances, the techniques may precisely determine
a location of a computing device in instances when a global
positioning satellite (GPS) system of the device is unreliable,
such as when the device is within a building. In this situation,
the techniques may still determine a precise location (e.g.,
within 2-3 meters or better) of amobile computing device that
includes both a WiFi radio and a 3-axis accelerometer and/or
gyroscope inside a building with a certain minimum density
of' WiFiaccess points (e.g., routers, specialized WiFibeacons,
etc.). To do so, the techniques utilize information from exist-
ing, unmodified WAPs in a building with information from
the 3-axis accelerometer, gyroscope, or other sensor that can
determine the state of motion of the mobile device (stationary
or moving) in real time. With the WAP and the movement
information, the techniques may find the (X,Y, Z) position of
the mobile device, the elevation in terms of floor number Z in
the building, and a radius R which is an accurate estimate of
the uncertainty in the (X, Y) 2D position.

In some instances, the techniques utilize a probabilistic
model approach (e.g., a Hidden Markov Model, a particle
filter, etc.) that combines WiFi signal strength information
from multiple wireless scans with output from a 3-axis accel-
erometer, a gyroscope, or the like to precisely determine a
location of a mobile computing device. By doing so, the
techniques may significantly reduce significant outliers from
approaches that use pure WiFi fingerprinting or pure prob-
ability distribution-based approaches. In addition, the tech-
niques may achieve better long tail (e.g., 90th percentile)
accuracy than these approaches, which in turn enable a
smooth experience for a user operating the mobile device. In
some instances, the techniques may operate entirely or par-
tially on a mobile device once a relevant training database has
been downloaded and cached on to the device, which enables
the location estimation to work smoothly and accurately even
without a reliable or persistent internet connection on the
device.

The wireless signal strength used to estimate a device’s
location may be a strength measured at the device or mea-
sured at the WAP and provided to the device. Alternatively,
the wireless signal strength may represent an indicator or
value that is already computed by a wireless protocol. For
instance, the device may utilize an RSSI value, a received
channel power indicator (RCPI), or the like. Further, the
utilized signal strength may be represented in arbitrary units
ormay represent a particular unit (e.g., a strength measured in
dBs, etc.). As is known and as used herein, an RSSIrepresents
a generic radio receiver technology metric that indicates a
power present in a received radio signal.

In some instances, a single RSSI value for a WAP or even
multiple WAPs may be insufficient to determine location
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accurately and reliably. As such, the techniques may combine
multiple RSSI values over time for a given AP. In conjunction
with information from the motion sensors, both the location
and the uncertainty of the location may be precisely esti-
mated.

In one example, the techniques utilize a Hidden Markov
Model whose hidden states are square grid cells on a map, and
where the observables of the Markov Model are WiFi signal
strength observations. In another example, the techniques
utilize particle-filter techniques. In either instance, each new
WiFi scanresult is treated as a new observable. To capture the
typical long-tailed nature of the probability distribution of
RSSI without requiring an excessive amount of training data,
the techniques may utilize a range-based model which mod-
els each access point as having a range of possible RSSI
values within at a particular location (e.g., a point, a grid cell,
etc.), as computed from the training data. Any location whose
range contains the RSSI of an observed access point is given
a score, and the scores are combined over all the access points
seen.

In addition, the techniques may utilize a motion sensor on
the mobile computing device to update the potential locations
of'a device as the device moves. If the phone is stationary or
approximately stationary in a given location, the probability
model tends to identify the location(s) that maximize the
likelihood of a sequence of fingerprints, and converge to the
most accurate location over time. If the phone is moving, the
probability model may reset and allows for the probabilities
to shift in the device’s direction of movement.

In some instances, the techniques utilize a two-step proce-
dure where the probability model is used with initial RSSI
measurements to determine a candidate set of initial
location(s) of the device. To obtain better granularity, the
techniques may subsequently find the best-matching (X, Y, Z)
location from the candidate locations. After identitying this
best-matching location and designating this as the initial loca-
tion of the device, the techniques may utilize subsequent
RSSI measurements and movement of the device to continu-
ally or periodically re-estimate the current location of the
device.

In some instances, the techniques described herein may
also estimate an uncertainty of the determined location and
provide this information to a mobile device user within an
indoor space. Previous approaches to compute the uncer-
tainty or error of a location estimation simply determine
alternative (X, Y) locations with WiFi fingerprints that are
nearby, and thereafter determine how far these corresponding
locations are from the true location. However, these
approaches may systematically overestimate or underesti-
mate the error radius, depending on the closeness criterion
used for fingerprints. Therefore, the techniques described
herein use an approach that weights the distance of a training
fingerprint adaptively, based on how its score compares to the
score of the top-scoring location. A location with a high (or
similar) score to the top-scoring location is given more
weight, and a location with a lower score is given less weight.
By using cumulative scores from the probability model, the
techniques automatically incorporate information from the
motion sensor(s) and previous observed signal strengths into
the uncertainty computation.

The techniques described above and below may be imple-
mented in a number of ways and in a number of contexts.
Several example implementations and contexts are provided
with reference to the following figures, as described below in
more detail. However, the following implementations and
contexts are but a few of many.

FIG. 1 illustrates an example architecture 100 in which two
users carry respective mobile computing devices 102(1) and
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102(2) within a particular building 104. While FIG. 1 illus-
trates these devices as mobile phones, the devices 102(1) and
102(2) may comprise any sort of mobile or stationary com-
puting device, such as a tablet computing device, a laptop
computer, a desktop computer, a game console, or the like. As
illustrated, both users reside on a particular floor 106 of the
building 104, which includes three wireless access points
(WAPs) 108(1), 108(2), and 108(3). With use of one or more
ofthese three WAPs and movement information of the device,
each of'the devices 102(1) and 102(2) may estimate its current
location within the building 104. While FIG. 1 illustrates
three WAPs located on a single tfloor 106, it is to be appreci-
ated that any number of WAPs in any other location may be
utilized to aid in determining a location of a respective mobile
device. In addition, while FIG. 1 illustrates WAPs, it is to be
appreciated that the techniques may alternatively use cellular
towers, satellites, or any other type of component between
which the devices 102(1) and 102(2) may measure wireless
signal strength.

FIG. 1 further illustrates that the representative device 102
(1) includes one or more processors 110, a display 112, an
accelerometer 114, a gyroscope and compass 116 (hereinaf-
ter “gyroscope 116”), a wireless radio 118, and memory 120,
which has access to a location-calculation module 122. While
FIG. 1 illustrates the device 102(1) as including both the
accelerometer 114 and the gyroscope 116, in other implemen-
tations a device may include one or the other, or may include
another type of motion sensor altogether. For instance, the
device 102(1) may include a barometer to indicate an eleva-
tion of the device (and, hence, whether the device moves up or
down in Z space), or the like. In each instance, the location-
calculation module 122 may utilize both information received
from the motion sensor(s) along with a measured signal
strength, such as a received signal strength indications (RS-
SIs) associated with the WAPs 108(1)-(3) to estimate a cur-
rent location of the device. As is known and as used herein, an
RSSI represents a generic radio receiver technology metric
that indicates a power present in a received radio signal.

To estimate a location of the device as this location changes
over time, the module 122 may first estimate an initial loca-
tion of the device 102(1). To do so, the module 122 may first
compare a current RSSI value measured at the device to a set
of'training data for the floor 106 of the building 104. Based on
this comparison, the module 122 may determine a likelihood
that the device resides at each of multiple locations from the
training data and may select the location corresponding to the
highest likelihood as the initial location of the device. For
instance, the module 122 may identify an RSSIvalue from the
training data the most closely matches the determined RSSI
value, may determine the location corresponding to that RSSI
value, and may set that location as the initial location. Alter-
natively, the module 122 may interpolate the initial location
using the training data. In other instances, meanwhile, the
module may determine the initial location using any other
technique, such as by explicitly asking the user the location or
the like.

To create the training data, an operator may initially deter-
mine an RSSI measured by a computing device at each pos-
sible location within the floor 106 of the building and may
associate the RSSI with the respective location and the cor-
responding WAP. In some instances, the operator takes mul-
tiple measurements at a single location, either by taking mul-
tiple measurements with a single device over time and/or by
utilizing multiple devices and taking multiple measurements
at a single location in parallel. In either instance, the mini-
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mum measured RSSI and the maximum measured RSSI for
each of the WAPs 108(1)-(3) defines an RSSI range for the
particular WAP.

In some instances, the training data may be device-specific,
meaning that each type, make, and/or model of device may be
used to create training data for that particular device. As such,
the type, make, and/or model of the devices 102(1) and 102(2)
may be determined prior to attempting to employ the loca-
tion-determination techniques, such that the correct training
data is used. In addition, in some instances a user gripping a
device may alter the measured RSSI values, potentially in
different amounts based on a device’s type, make, and/or
model. As such, the type, make, and/or model may be refer-
enced to determine how to compensate for altered RSSI val-
ues caused by a user holding a device.

After the training data, in the form of the RSSI ranges for
each respective location and each of the WAPs 108(1)-(3), has
been created, the location-calculation module 122 may com-
pare current RSSI values for each of the WAPs 108(1)-(3) to
the training data to estimate the initial location of the device
102(1) as discussed above. In some instances, the measured
RSSI may be compared to the range for each WAP at each
location on the floor 106 and a score is assigned to the location
depending on whether or not the current RSSI falls within the
range (and, potentially, where it falls within the range or how
far it is from the range). In one example described below with
reference to FIG. 4, a location is assigned a score of “1” if the
currently measured RSSI falls within the location’s range for
a particular WAP and a score of “0” if it does not. A proba-
bilistic model, such as a Hidden Markov Model (HMM) or a
particle filter, is then used to determine a most likely current
location of the device, which is set as the initial location.

After selecting an initial location, the module 122 selects
multiple possible locations around the initial location. By
selecting these possible locations, the module 122 determines
that it will calculate respective probabilities that the device
102(1) resides at these locations as the locations are updated
over time and in response to the device 102(1) moving. In
some instances, the selected possible locations are evenly
distributed about (e.g., around) the initial location, either in
two-space or in three-space.

After selecting the possible locations about the initial loca-
tion, the location-calculation module 122 may receive an
indication from a motion sensor of the device that the device
102(1) is moving or has moved. For instance, the accelerom-
eter 114 may provide an indication to the module 122 that the
device has moved a certain distance or a certain threshold
amount. In one example, the accelerometer provides an indi-
cation of movement each time the device 102(1) moves one
“step”, which is a certain predefined distance. In some
instances, the gyroscope 116 may additionally provide a
direction of movement. FIG. 1, for instance, illustrates that
the device moves up and to the right while the device 102(2)
moves to the left.

In response to the receiving an indication that the device
102(1) has moved in this direction, the location-calculation
module 122 may update the possible locations to reflect this
movement. For instance, each possible location may be
shifted up and to the right in an amount equal to or otherwise
based on the amount of movement. If the motion sensors
illustrate that the device has also moved in the Z direction,
then the location-module 122 may also update the possible
locations to reflect this change.

After updating the possible locations, the location-calcu-
lation module 122 may identify those locations that have
“moved” across a boundary of a wall without entering
through a doorway or other egress. That is, the module 122
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may identify those possible locations that, due to the change
in location of the device 102(1), indicate that the device
102(1) has moved from a first side of a wall or other barrier to
another side of the wall or barrier. To make this identification,
the module 122 may reference a blueprint or other map of'the
building 104. After identifying any such ones of these loca-
tions, the module 122 may remove these locations from the
list of possible locations, given that the user could not have
crossed the wall in this manner. In addition, while moving
behind a wall represents one way in which the module 122
may remove locations from a list of potential locations, the
module 122 may remove locations in other manners in other
implementations. For instance, in instances where the user
and the device is within a car travelling on a road, points that
go “off of the road” may be removed from a list of possible
locations.

After filtering the possible locations in the manner
described immediately above, the location-calculation mod-
ule 122 may calculate a respective likelihood that the device
102(1) resides at each respective possible location. To do so,
the module 122 may measure or receive another RSSI for
each of the WAPs 108(1)-(3) after the device 102(1) has
moved. After receiving these RSSIs, the module 122 may
again compare the respective RSSIs to the previously mea-
sured RSSIs from the training data and may again calculate
the likelihood that the device 102(1) is at each respective
possible location. Because the module 122 is updating each of
these probabilities, each likelihood at each instance in time is
based at least in part on a respective previous likelihood of
each respective possible location. In some instances, the mod-
ule 122 may weight more recent RSSI values more heavily,
may only reference RSSIs within a certain sliding window
(e.g., the previous five RSSI measurements/comparisons), or
the like. In some instances, the possible locations of the
device may not directly correspond to locations in the training
data. In these instances, the RSS] values associated with these
locations may be interpolated using the locations and the
corresponding RSSIvalues that are represented in the training
data. As used herein, when a location is associated with a
previously determined RSSI value, this previously deter-
mined RSSI value may be determined directly from the train-
ing data or may have been interpolated using the training data.

In addition to calculating probabilities after the device
102(1) moves, the module 122 may also periodically re-
calculate probabilities for the possible locations. As such,
regardless of the exact formulation used for calculating the
probabilities, the module 122 may generally hone in on the
device’s actual location over time (i.e., the probabilities for
locations close to or at the actual location of the device 102(1)
may increase over time as the device 102(1) remains station-
ary).

FIGS. 2A-2C illustrate an example process 200 for pre-
cisely locating a device as the device moves over time. As
illustrated, the process may reference both a wireless signal
strength and indication(s) of when and how the device is
moving in order to determine these locations over time. While
this process is described with reference to the architecture
100 discussed above, the described techniques may be
equally applicable in many other architectures and environ-
ments.

The process 200, and each process described herein, is
described as a logical flow graph, each operation of which
represents a sequence of operations that can be implemented
in hardware, software, or a combination thereof. In the con-
text of software, the operations represent computer-execut-
able instructions stored on one or more computer-readable
media that, when executed by one or more processors, per-
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form the recited operations. Generally, computer-executable
instructions include routines, programs, objects, compo-
nents, data structures, and the like that perform particular
functions or implement particular abstract data types.

The computer-readable media may include non-transitory
computer-readable storage media, which may include hard
drives, floppy diskettes, optical disks, CD-ROMs, DVDs,
read-only memories (ROMs), random access memories
(RAMs), EPROMs, EEPROMs, flash memory, magnetic or
optical cards, solid-state memory devices, or other types of
storage media suitable for storing electronic instructions. In
addition, in some embodiments the computer-readable media
may include a transitory computer-readable signal (in com-
pressed or uncompressed form). Examples of computer-read-
able signals, whether modulated using a carrier or not,
include, but are not limited to, signals that a computer system
hosting or running a computer program can be configured to
access, including signals downloaded through the Internet or
other networks. Finally, the order in which the operations are
described is not intended to be construed as a limitation, and
any number of the described operations can be combined in
any order and/or in parallel to implement the process.

At202, the process 200 creates training data for later use in
determining the location of a device. As illustrated, the pro-
cess 200 may measure RSSI values associated with each
respective proximate WAP at multiple different locations
within a building. Thereafter, the process 200 may estimate an
initial location of'a computing device at 204. For instance, in
response to an application running on the device requesting
location information for the device, the location-determina-
tion module 122 described above may determine an initial
location of the device based on a first RSSI value measured at
the device.

At206, the process 200 may select possible locations of the
client device, with these locations located near the estimated
initial location. These possible locations may be evenly dis-
tributed about the initial location in some instances.

FIG. 2B continues the illustration of the process 200 and
includes, at 208, the process 200 calculating a respective
likelihood that the device resides in each respective possible
location. For instance, the location-determination module
may make this determination by comparing the first RSSI
value to RSSI training data at the respective locations, with
the likelihoods being determined using an HMM or a particle
filter.

A HMM consists of a number of discrete “unknown” or
“hidden” states, each of which correspond to a grid cell,
which may be overlaid on a map or blueprint of a building
floor. Each grid cell (representing “possible location”) would
be assigned a score or “likelihood” each time a device is
determined to move by a certain amount (e.g., one step of the
user). There is also a certain likelihood of “transition” to an
adjacent cell on the map, which would depend on the sensor
readings from a motion sensor, such as an accelerometer, a
gyroscope, and/or a barometer. For example, if an accelerom-
eter indicates that the user (and hence the device) has taken a
new step, then the likelihood that the device has gone to the
next cell from a current cell is set to <17, the likelihood that the
device has stayed in the current cell is set to “0”, and likeli-
hood that the device has crossed a wall is set to zero. There-
after, the likelihood of a “path” through cells is the product of
observation/emission likelihoods and transition likelihoods
(i.e., a product/sum, if working in log space, of individual
cells along the path). The HMM therefore determines the
most likely path that the device took through the grid cells
(i.e., the most likely of the possible locations over time). After
identifying the path having the maximum likelihood at any

25

40

45

55

8

point of time, the grid cell at the end of this path is selected as
the most likely grid cell at which the device resides, and the
location corresponding to that grid cell becomes the estimate
of the current location of the device.

Similar to using an HMM, a particle filter approach utilizes
an infinite number of hidden states to determine a most likely
location of the device based on multiple probability estima-
tions. This infinite number of hidden states may be approxi-
mated by using a fixed number of “darts” or “particles” (a
Monte Carlo approach). To begin darts are “thrown” at likely
initial (X, y, z) locations on the map, with each dart/particle
having a starting score/likelihood. A new WiFi observation
increases the weight/score of each particle, and the likelier
particles become heavier with the “heaviest” particle (i.e., the
particular having the highest current likelihood) representing
the estimated current location of the device at any given time.
A new sensor reading (e.g., trigged by a new step detected by
accelerometer or a reading of a new floor received from a
barometer) moves the particle in the appropriate direction
given by gyroscope, compass, and/or barometer. A particle
hitting a wall is given a decreased or zero score and is
removed from consideration. At any time, a weighted average
of particle locations may be computed and a location corre-
sponding to a particular having the highest likelihood of
containing the device may be used as the estimated current
location of the device.

At 210, the process 200 receives an indication that the
device has moved and may receive an indication of the direc-
tion of the movement. In this example, the device may move
to the left. At 212, and at least partly in response to receiving
an indication of this movement, the process 200 may update
the possible locations to reflect this movement. For instance,
the process 200 may move each respective location to the left
in an amount equal to or otherwise based upon the movement
of the device. In some instances, the possible locations may
be updated with an amount of randomness introduced into the
update to take into account the potential error of the direction
or movement indication provided by the motion sensor(s). In
the illustrated example, for instance, some of the possible
locations have been updated to reflect a change generally left
and slightly upwards, while others have been updated to
reflect a change straight to the left (in accordance with the
reported direction), while still other possible locations are
updated to reflect a change generally to the left and slightly
downwards. If] as in the illustrated examples, some locations
are now on an opposite side of the wall, then these locations
may be removed from subsequent likelihood calculations,
given that a user—and hence the device—could not have
moved through the wall in that manner.

FIG. 2C continues the illustration of the process 200. At
214, the process 200 again calculates the probabilities that the
device resides at the different locations. To do so, the process
200 may take a new RSSI measurement and may compare
these new values to previously measured RSSI values from
the training data at the updated possible locations. In some
instances, the probabilistic model that is used may take into
account previous probabilities of the different possible loca-
tions. At 216, the process 200 returns to operation 210, indi-
cating that the process 200 may continue to update the pos-
sible locations and re-calculate probabilities that the device
resides at these locations in response to the device moving
through the building or other environment.

FIG. 3 illustrates an example scenario 300 where a device
moves over time and its location is estimated based on wire-
less signal strengths and the movement of the device. At time
T1, this figure illustrates that twenty-seven possible locations
have been selected as a possible location of a particular device
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(as represented by the points in the 3x3x3 cube). In addition,
FIG. 3 illustrates that the device moves to the right at T1. As
such, at time T2 the location-determination module 122 has
updated the possible locations to reflect this movement.
Thereafter, the likelihood that the device resides at each pos-
siblelocation is re-calculated based on the previous probabili-
ties of the respective possible locations and based on a new
comparison between newly measured RSSI values and train-
ing data associated with the updated possible locations. In
addition, after or while re-calculating these probabilities, the
device moves upwards as illustrated at T2. In response, the
possible locations have again been updated at time T3 and the
probabilities associated with these updated locations have
been re-calculated based on a comparison between newly
measured RSSI values and corresponding training data.

FIG. 4 illustrates one manner 400 in which a current loca-
tion of a device may be estimated using probabilities based on
current and previously measured wireless signal strengths.
First, a table 402 represents training data measured for the
first WAP 108(1). As illustrated, the training data includes
RSSI values measured for locations L1, L2, Ln. In addition,
these values have been measured at a number of different
times T1, T2, . . ., Tn. For each location, the RSSI values
measured at different times define a range of RSSI values for
a particular location. For instance, for a first location, L1, the
minimum and maximum measured RSSI values define a
range of 0.83-0.92 for the WAP1. A table 404, meanwhile,
similarly indicates a number of RSSI ranges for the second
WAP 108(2), while a table 406 indicates a number of RSSI
ranges for the third WAP 108(3).

After creating the training data, this training data may be
utilized to determine a location of a mobile device as this
device moves over time. A table 408, for instance, indicates
how probabilities may be calculated using this training data.
As illustrated, at a time T1 after the creating of the training
data, a device may measure an RSSI having an example value
of 0.87. The location-determination module 122, described
above, may compare this RSSI value to the RSSI values for
the three WAPs 108(1)-(3) and across the multiple different
locations. If the measured RSSI value falls within a range
corresponding to a particular location for one of the WAPs,
then a score of “1” may be assigned to the particular location,
while a score of “0” may be assigned if the RSSI value is not
within the range. As illustrated, these scores across the three
routers may then be summed, with these values being used to
calculate probabilities that the device resides at the particular
location. As illustrated, a first location, L1, has a summed
score of “1”, a second location, L2, has a summed score of
“2”. a third location, L3, has a summed score of “0”, and an
nth location, Ln, has a summed score of “0”. Using this
information, the probabilistic model used to assign probabili-
ties to the respective locations will assign a higher likelihood
to the device residing at a 1.2 as compared to [L1, [.3, and Ln.

FIG. 5 illustrates an example process 500 of calculating
probabilities that a device resides at different possible loca-
tions based on RSSIs. At 502, the process 500 selects possible
locations of a device, which may be based on an estimated
initial location of the device. At 504, the process 500 updates
each ofthese possible locations as the device moves within an
environment. At 506, the process 500 calculates a likelihood
that the device resides at each possible location based on an
RSSI associated with a particular WAP. Furthermore, the
process 500 may continue to update these possible locations
and the corresponding probabilities as the device moves over
time.

FIG. 6 illustrates another example process 600. At 602, the
process 600 determines a first wireless signal strength at a
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device, such as an RSSI value. At 604, the process estimates
a location of the device based on the first wireless signal
strength measured. Next, at 606, the process 600 determines
a second wireless signal strength based on the device moving
and, at 608, again estimates the location of the device based
on the first and second wireless signal strengths.

Although the subject matter has been described in lan-
guage specific to structural features and/or methodological
acts, it is to be understood that the subject matter defined in
the appended claims is not necessarily limited to the specific
features or acts described. Rather, the specific features and
acts are disclosed as exemplary forms of implementing the
claims.

What is claimed is:

1. A device comprising:

an accelerometer;

one or more processors; and

one or more non-transitory computer-readable media stor-

ing computer-executable instructions that, when
executed by the one or more processors, cause the one or
more processors to perform acts comprising:
determining a possible location of a device;
determining, at a first time, a first received signal
strength indication RSSI representing a strength of a
connection between the device and a wireless access
point (WAP) at the first time;
analyzing the first RSSI determined at the first time and
a previously determined RSSI at the possible loca-
tion;
determining, based at least in part on the analyzing of the
first RSSI determined at the first time and the previ-
ously determined RSSI at the possible location, a first
likelihood that the device is located at the possible
location;
receiving an indication from the accelerometer that the
device has moved since the determining of the first
RSSI at the first time;
at least partly in response to receiving the indication:
determining a new possible location;
determining, at a second time, a second RSSI repre-
senting a strength of a connection between the
device and the WAP at the second time;
analyzing the second RSSI determined at the second
time and previously determined RSSI at the new
possible location; and
determining, for the new possible location, a second
likelihood that the device is located at the new
possible location, the second likelihood based at
least in part on the first likelihood and the analyzing
of the second RSSI determined at the second time
and the previously determined RSSI at the new
possible location; and
providing the new possible location.

2. The device as recited in claim 1, wherein determining the
second likelihood comprises updating the first likelihood
based at least in part on the analyzing of the second RSSI
determined at the second time and the previously determined
RSSI at the new possible location.

3. The device as recited in claim 1, further comprising at
least one of a gyroscope, a compass, or a barometer, the acts
further comprising receiving an indication of a direction that
the device has moved from the at least one of the gyroscope,
the compass, or the barometer, and wherein the determining
of the new possible location comprises selecting a location
that are adjacent to the possible location in a direction corre-
sponding at least in part to the indication of the direction that
the device has moved.



US 9,244,152 B1

11

4. A computer-implemented method comprising:
determining possible locations of a device;
determining for a first possible location of the possible
locations, a first likelihood that the device resides at the
first possible location;
receiving motion data from a motion sensor;
determining a second possible location of the device based
at least in part on updating the first possible location
based at least in part on the motion data;
receiving an indication of signal strength between the
device at the second possible location and a wireless
access point (WAP);
analyzing the indication of signal strength and data repre-
senting a second signal strength at the second possible
location;
determining a second likelihood that the device resides at
the second possible location based at least in part on the
first likelihood and the analyzing; and
providing the second possible location.
5. The computer-implemented method as recited in claim
4, wherein the determining of the possible locations com-
prises:
determining an initial signal strength between the device
and the WAP when the device is at an initial location; and
estimating the initial location by: (i) analyzing the initial
signal strength and previously determined signal
strengths associated with the WAP, (ii) identifying a
closest matching signal strength based at least in part on
the analyzing of the initial signal strength and the pre-
viously determined signal strengths associated with the
WAP and (iii) determining a location associated with the
closest matching signal strength, each of the previously
determined signal strengths corresponding to a different
location;
and wherein the possible locations of the device are based
at least in part on the estimated initial location.
6. The computer-implemented method as recited in claim
4, the acts further comprising receiving an indication from an
accelerometer of the device that the device has moved.
7. The computer-implemented method as recited in claim
4, the acts further comprising receiving an indication of a
direction in which the device has moved, and wherein the
determining of the second possible location comprises select-
ing a location that is adjacent to the first possible location and
in the indicated direction.
8. The computer-implemented method as recited in claim
7, wherein the indication of the direction is received from at
least one of a gyroscope, a compass, or a barometer of the
device.
9. The computer-implemented method as recited in claim
4, the acts further comprising:
continuing to determine new additional possible locations
of the device based at least in part on movement of the
device; and
re-determining a new additional likelihood that the device
resides at a new additional possible location of the new
additional possible locations based at least in part on a
respective signal strength between the device and the
WAP.
10. The computer-implemented method as recited in claim
9, wherein the re-determining is based at least in part on
determining an end of a path determined via a Hidden Markov
Model (HMM) or a current location determined by a particle
filter.
11. The computer-implemented method as recited in claim
4, the acts further comprising:
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determining new possible locations of the device including
the second possible location based at least in part on
updating the possible locations based at least in part on
the motion data;

determining whether any of the new possible locations are

on an opposite side of a wall from a location determined
in a previous possible location; and

determining a likelihood for each new possible location

that is not on the opposite side of the wall.

12. The computer-implemented method as recited in claim
4, wherein the determining the second likelihood comprises
updating the first likelihood based at least in part on the
analyzing of the indication of signal strength and the data
representing the second signal strength at the second possible
location.

13. A method comprising:

determining a first wireless signal strength at a device;

determining, based at least in part on the first wireless

signal strength, a first likelihood that the device is at a
first location;

receiving an indication from an accelerometer that the

device has moved since the determining of the first wire-
less signal strength;

at least partly in response to receiving the indication:

determining a second location of the device, the second
location being associated with the first location;

determining a second wireless signal strength at the
device at the second location;

analyzing the second wireless signal strength and a pre-
viously determined signal strength at the second loca-
tion; and

determining a second likelihood that the device resides
at the second location based at least in part on the first
likelihood and the analyzing; and

providing the second location.

14. The method as recited in claim 13, wherein determining
the first likelihood comprises:

analyzing the first wireless signal strength and each previ-

ously determined wireless signal strength of a first set of
previously determined wireless signal strengths, each
previously determined wireless signal strength of the
first set corresponding to a particular location.

15. The method as recited in claim 13, wherein

determining the second likelihood that the device resides at

the second location is further based at least in part on
analyzing the first wireless signal strength and previ-
ously determined wireless signal strengths at the first
location.

16. The method as recited in claim 13, wherein the indica-
tion comprises a direction in which the device has moved, and
wherein the determining of the second location is based at
least in part on the indication.

17. A device comprising:

one or more processors; and

one or more non-transitory computer-readable media stor-

ing computer-executable instructions that, when

executed by the one or more processors, cause the one or

more processors to perform acts comprising:

determining a likelihood that the device resides at a first
location based at least in part on a first signal strength;

determining a likelihood that the device resides at a
second location based at least in part on the first signal
strength;

receiving an indication that the device has moved;

at least partly in response to receiving the indication;
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determining a third location and a fourth location, the
third location and the fourth location being respec-
tively associated with the first location and the sec-
ond location;

determining a second signal strength;

analyzing the second signal strength and respective
previously determined signal strengths at the third
location and the fourth location;

determining a likelihood that the device resides at the
third location based at least in part on the likelihood
that the device resided at the first location and the
analyzing; and

determining a likelihood that the device resides at the
fourth location based at least in part on the likeli-
hood that the device resided at the second location
and the analyzing; and

providing the third location and the fourth location.

18. The device as recited in claim 17, further comprising an
accelerometer to provide the indication that the device has
moved.

19. The device as recited in claim 17, further comprising at
least one of a gyroscope, a compass, or abarometer to provide
an indication of a direction of that the device has moved, and
wherein the determining the third and fourth locations occurs
based at least in part on the indication of the direction.

20. The device as recited in claim 17, wherein the first and
second signal strengths comprise respective received signal
strength indications (RSSIs) between the device and a wire-
less access point (WAP).

21. The device as recited in claim 17, wherein the first and
second signal strengths comprise respective received signal
strengths between the device and a cellular tower or satellite.
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